Steel trusses structures are commonly used in civil engineering. Their mechanical parameters, especially the durability, are critical, and often human life depends on it. Therefore it is very important to monitor the critical elements of the truss. For this purpose magnetoelastic method of measurement may be used. It is a method having several advantages over other methods, particularly because of use of elements which are already parts of the structure. The study of structural elements have already been conducted. However, to take advantage of the magnetoelastic characteristics measurement to assess the state of stress, one should have a model of the influence of stress on magnetic properties. The influence of stresses on hysteresis loops was modelled with the extended Jiles-Atherton model. The obtained results of the modelling are consistent with the experimental measurements results. The results of modelling create new possibilities of explanation of the physical phenomena connected with magnetization of the magnetic materials under stresses, which is especially important for the assessment of the state of the constructional steel during its exploitation in industrial conditions.
Introduction
Steel trusses are often used in the construction industry. It is important to monitor their condition and possibly early detect dangerous stresses. Often trusses, especially steel ones, are made of soft magnetic materials. For this purpose magnetoelastic method of measurement may be used. Magnetoelastic effect [1] [2] [3] is the change of magnetic properties of the material under the influence of mechanical stresses.
However, to take advantage of the magnetoelastic characteristics measurement to assess the state of stress, quantitative model of stress dependence of the magnetic hysteresis loops is required. A suitable model for modeling the magnetic characteristics under stress in a steel truss is the Jiles-Atherton model.
Experimental
Measurements of magnetoelastic characteristics were made on test stand shown in Fig. 1 . The first part of the test stand is used for measurement of magnetoelastic characteristics. It consists of hysteresisgraph for magnetizing waveforms generation and magnetic flux measurement. Hysteresisgraph is controlled by a PC computer.
The second part of the stand is used for applying stresses. It includes sample truss, force sensor and oil hydraulic press. The truss is made of the 13CrMo4-5 constructional steel, widely used in the energetic industry. The three middle truss members are the tested samples (Fig. 2) . These samples were wound with the magnetizing and sensing windings. With this solution, the magnetic circuit is closed and there is no need to add another measuring elements. The sample was wound by 900 turns of magnetizing winding and 600 turns of sensing winding. The truss was loaded mechanically by oil hydraulic press. The force value was controlled by the force sensor. Measurement of magnetoelastic characteristics were made for amplitudes of magnetizing field H m equal to 350, 435, 655, 870, 1310, and 2180 A/m. Each D. Jackiewicz et al. family of the hysteresis loops determined for 17 different values of the applied force F (from 0 kN to 12.7 kN).
Modeling
The Jiles-Atherton model of magnetization process [4] is one of the most effective model of magnetic hysteresis loops. This model is based on the concept of anhysteretic magnetization, generalized for isotropic and anisotropic [5, 6] materials. In the Jiles-Atherton model, anhysteretic magnetization M ah is given by the set of following equations [6] :
where case K an is the average energy density connected with uniaxial anisotropy in a magnetic material, ψ is the angle between direction of the magnetizing field and the easy axis of magnetization due to the anisotropy, a determines domain walls density and M s is saturation magnetization of the magnetic material. It should be indicated that for isotropic magnetic material, where K an = 0, Eq. (1) reduces to the Langevin equation [4] . The effective magnetic field H e = H + αM is determined by the total magnetization of material M and interdomain coupling α [4] . Magnetic hysteresis loop in the Jiles-Atherton model is given by the differential equation [4] :
where the parameter k quantifies the average energy required to break pinning site, and c describes reversibility of magnetization process. In this equation, parameter δ causes hysteretic magnetization and parameter δM guarantees that incremental susceptibility is always positive, which is physically justified [7] .
One of the most important problem connected with the Jiles-Atherton model is determination of its parameters on the base of experimental hysteresis loops. For this reason presented analyses were divided into two steps. In the first step, the parameters of unstressed sample were determined during the optimization process based on the differential evolution [8] first, and then using the Nelder and Mead simplex optimization. Target function was the sum of squared differences between experimental hysteresis loops and the results of modelling. To achieve better agreement with experiment, the three hysteresis loops measured for the different values of amplitude of magnetizing field were considered simultaneously [8] . Due to the fact that 13CrMo4-5 constructional steel can be considered as an isotropic material, in this step of simulation average anisotropy energy density K an was equal to 0. On the base of differential evolution based simulation, the following parameters of the Jiles-Atherton model were achieved: a = 289 A/m, k = 296 A/m, c = 0.599, α = 4.15 × 10 −4 , M s = 1.661 × 10 5 A/m. In the next step of simulation, the stress dependence of the Jiles-Atherton model parameters was determined on the base of gradient-less optimization process utilizing the Powell algorithm. For this step constant value of saturation magnetization M s was assumed due to the fact that saturation magnetization M s does not depend on mechanical stresses. Moreover, ψ was assumed to be equal to 0 due to the fact that stresses are parallel to the direction of magnetization. The stress dependence of the Jiles-Atherton model parameters are presented in Fig. 3 . Value of average anisotropy energy density K an is connected with stress-induced anisotropy energy in magnetic material. Results presented in this paper are filling the gap connected with modelling of stress influence of magnetic characteristic of steel trusses. As a conclusion presented results create the possibility practical use of quantitative magnetic hysteresis loop modelling to detect stress of construction elements.
Results and conclusions

